Previous studies reporting the use of ultrasound tongue imaging with clinical populations have generally provided qualitative information on tongue movement. Meaningful quantitative measures for use in the clinic typically require the speaker's head to be stabilised in relation to a transducer, which may be uncomfortable, and unsuitable for young children.
Introduction
Ultrasound research on speech production in typical speakers has long used quantitative measurements (Stone 2005) . By contrast, previous studies using ultrasound tongue imaging with clinical populations of all ages have generally reported qualitative information on tongue movement, or used this information for biofeedback (e.g., Bacsfalvi & Bernhardt, 2011; Bressmann et al., 2011; Preston et al., 2013; Hitchcock & McAllister Byun, Early Online;  though see Klein et al., 2013) . For these populations, as well as for very young typically developing children, the lack of quantitative measurements has limited progress in our knowledge of areas such as tongue motor control and its development in infancy. We know of only one published study that has used quantitative ultrasound measures with children under the age of four years old (Song et al., 2013) . The problem in obtaining quantitative measures is the need to stabilise the ultrasound transducer in relation to the head of the speaker. Restricting head movement limits the use of ultrasound for clinical purposes, as it may be uncomfortable for certain clinical populations, while for very young children head stabilisation is not suitable at all. Quantitative measures producing similar results regardless of whether the head is stabilised or not would be useful in clinical research. The objective of the present study was to explore the applicability of quantitative measurements of stabilisation-free tongue movement data, by analysing ultrasound data collected from the same speakers with and without head stabilisation. The stabilisation device used in the study was a headset holding the transducer (Articulate Instruments Ltd, 2008) .
When the speaker's head is stabilised in relation to the ultrasound transducer, statistical comparisons across segments can be based on assessing the degree of similarity in absolute tongue location for the different segments (although a certain amount of residual movement is allowed even in stabilisation devices such as the one used in the current study, e.g., Scobbie et al., 2008) . Without the stabilisation, post-processing of the data, which involves correction for head movement in relation to the transducer (e.g., Whalen et al., 2005; Mielke et al., 2005) , can be applied, in order to bring the tongue curve data from different productions by the same speaker into the same coordinate plane (again, with a certain margin of error). When no such technique is used, comparing non-stabilised tongue curve data across segments and repetitions is most reliable when each tongue curve is analysed without reference to absolute coordinates of the other curves of interest. In these circumstances, measures based on a single tongue curve appear promising. They have been applied to nonstabilised data (e.g., Bressmann et al., 2005; Gick et al., 2008; Ménard & Noiray, 2011; Song et al., 2013; Klein et al., 2013) , but also to stabilised data (e.g., Stone et al., 1987; Stone et al., 1988; Aubin & Ménard, 2006; Stolar & Gick, 2013; Zharkova, 2013b) . We are not aware of any studies that have addressed the performance of tongue shape measures on the data collected in stabilised versus non-stabilised conditions. Ménard et al. (2012) carried out an analysis of several measures' sensitivity to changes in tongue location, using two measures of tongue shape called Curvature Degree and Curvature Position, as well as measures capturing aspects of the absolute location of the tongue (Aubin & Ménard, 2006) . Their analysis used tongue curves generated by an articulatory model (Maeda, 1979) , and they applied mathematical transformations to tongue curve data in order to approximate effects from transducer movement. Ménard et al. (2012) showed that horizontal and vertical displacement of the transducer, as well as its rotation, significantly affected measures based on the absolute tongue location, but not the measures based on tongue shape. In the present study, we collected ultrasound tongue data from ten speakers who were recorded with and without head-to-transducer stabilisation producing the same stimuli, and we analysed the performance of Curvature Degree and Curvature Position (Aubin & Ménard, 2006) , as well as three other measures of tongue shape: Dorsum Excursion Index (DEI, Zharkova, 2013a) , Tongue Constraint Position Index (TCPI; Zharkova, 2013a) , and a new measure described below in Method. Based on the findings from Ménard et al. (2012) , and considering that the stabilised condition would likely restrict jaw movement compared with the handheld condition, we hypothesised that the absolute locations of the tongue curves in the stabilised condition would be less variable than in the non-stabilised condition. For all measures of tongue shape, we predicted the same results in both stabilised and non-stabilised conditions.
In this study, all measures of tongue shape were used to quantify coarticulatory influence from two contrasting vowels (/i/ versus /a/) on four different consonants. The consonants were chosen to test the predictions of the Degree of Articulatory Constraint (DAC) model of lingual coarticulation (Recasens et al., 1997) . The DAC model postulates that the degree of tongue dorsum involvement in the segment production affects the segment's ability to resist lingual coarticulation from neighbouring segments. Consonants with a greater constraint on the dorsum (such as the postalveolar /ʃ/) undergo less vowelrelated coarticulation than consonants which do not directly involve the dorsum in forming the closure or constriction. Bilabial consonants are among the least resistant consonants, because the tongue is generally not constrained for their production; alveolar consonants are more resistant than labials, but less than postalveolars or palatals (Recasens, 1999) . The alveolar fricative /s/ has been shown to have more coarticulation resistance than /t/ (e.g., Stone et al., 1992; Recasens et al., 1997) , due to an additional constraint on the lateral margins of the tongue for the fricative production. On the other hand, /ʃ/ has been demonstrated to be more resistant than /s/ (e.g., Tabain, 2001; Recasens & Espinosa, 2009; Niebuhr & Meunier, 2011; Pouplier et al., 2011; Zharkova et al., 2012; 2014a) , likely due to the biomechanical properties of the tongue dorsum, specifically its mass and inertia (Recasens & Espinosa, 2010) . In the present study, vowel-related coarticulation on /ʃ/, /s/, /t/ and /p/ was analysed, and we expected to observe consonant-specific differences according to the DAC model predictions.
Method

Participants, stimuli and data collection
The participants were ten adolescent speakers, six female and four male, aged between 13 years 0 months and 13 years 11 months, recruited from mainstream schools and with selfreported typically developing speech. The speakers produced CV syllables, with the consonants /p/, /t/, /s/ and /ʃ/, and the vowels /a/ and /i/, in the carrier phrase "It's a ..., Pam".
Each target was repeated six times, and the tokens were presented in random order.
Recordings were made in a sound-treated studio. The ultrasound scanner used for the recordings was Ultrasonix SonixRP, with a microconvex transducer C9-5/10, 112.5° field of view and 5 MHz frequency. The recordings were made using the software Articulate Assistant Advanced (Articulate Instruments Ltd, 2012). The acoustic signal, recorded with an Audiotechnica AT803d microphone, was synchronised with the ultrasound signal (the latter recorded at 100 Hz) by Articulate Assistant Advanced, which used hardware pulses generated for every frame by the scanner. Each participant performed the task two times. The first time was recorded while the participant wore the headset, and the second time no headset was worn, instead the transducer was hand-held by the experimenter (see Figure 1 ). The former condition will henceforth be referred to as stabilised, and the latter as hand-held. The headset, described in more detail in Articulate Instruments Ltd (2008) , was made of aluminium, and contained a polycarbonate inner shell designed to hug the contour of the head. The headset was held in place by a quick release strap, and it had a number of knobs and screws allowing the adjustment of the headset for different head sizes.
The data collection without the headset was video recorded in two planes, in profile and en-face. A separate channel within the multichannel Articulate Assistant Advanced setup was used to record the data from both video cameras. The total number of tokens produced by the speakers was 960 (4 consonants x 2 vowel contexts x 6 repetitions x 10 speakers x 2 conditions).
Insert figure 1 about here Token selection, annotation and tongue curve fitting
In order to calculate all measures of tongue shape in the present paper, two tongue curve ends of each individual tongue curve needed to be identified. Capturing information about the ends of the tongue curve with ultrasound is known to be difficult and unreliable, due to factors related to the transducer position and angle, and the tongue imageability (Stone, 2005) . In order to achieve measurement consistency, during the recording it was ensured that the shadow of the hyoid bone and the shadow of the mandible were present in the midsagittal tongue image, with the imaged tongue curve fitting between the two shadows. For the data recorded without the headset, video recordings were used to verify that for the consonant tokens selected for analysis the ultrasound transducer was located in the midsagittal position.
In the data without the headset, one token of /ʃi/ from speaker C4 was corrupted in the recording process and could not be used for analysis. In addition, in the recording process of the total of 59 other tokens from three speakers, due to technical malfunction, the signal from the video cameras was not saved (21 tokens for speaker C3, 28 tokens for speaker C4 and 10 tokens for speaker C8). The data from these recordings were only included in the analysis if the two shadows were present in the ultrasound image, and the tongue shape at midconsonant was visually similar to that for the same consonant in the same vowel context in the images that were accompanied by video recordings. The number of tokens without corresponding video recordings that were included in tongue shape analyses was 41 (13 from C3, 20 from C4, and 8 from C8). Given that the above selection procedures eliminated some tokens from the data recorded without the headset, and in order to have a consistent number of repetitions of each target across conditions and speakers, it was decided to include in the analyses only five repetitions out of six (in cases where all 6 repetitions were acceptable, the first five were selected). The total number of tokens for further analyses was 800 (4 consonants x 2 vowel contexts x 5 repetitions x 10 speakers x 2 conditions).
Annotations were made in Articulate Assistant Advanced, based on the acoustic signal. For every consonant token included in the analysis, an annotation was placed at midconsonant (mid-closure for the stops). The onset of the consonant was defined as the end of the periodic signal associated with the preceding vowel. In several children, preaspirated tokens of the consonant were present (122 tokens in total, with 53% in the handheld condition; 45% of all preaspirated tokens were produced by the speaker C1; 20% by C4, 15% each by C5 and C8, and the remaining tokens by another three speakers). Preaspiration was not included in the consonant annotation; in such cases, the onset of the fricative was located at the abrupt increase of the high-frequency noise amplitude, and the onset of the stop was located at the end of the aperiodic noise associated with preaspiration. The consonant offset for the fricatives was identified as the start of the periodic signal for the following vowel, and the consonant offset for the stops was identified at the beginning of the burst noise. For each consonant token, the outline of the tongue curve was automatically traced in Articulate Assistant Advanced, with manual correction. All the curves were exported from the software as text files with xy coordinates (the mean number of xy data points per curve was 75.48, and the standard deviation was 10.52).
Quantifying variability in tongue location
The Nearest Neighbour method (Zharkova & Hewlett 2009 ) was used to quantify variation in absolute tongue locations across repetitions. In this method, the mean Nearest Neighbour (NN) distance between two curves is obtained by calculating the shortest Euclidean distance between each xy point on one curve and the other curve, and then averaging all these shortest distances. In the present study, this method was used in order to establish mean NN distances for each target consonant and each condition, separately for the two vowel contexts. Mean NN distances were computed separately for each speaker, using Python (Lutz, 2008) .
Measures of tongue shape
Calculations of all five measures of tongue shape were implemented by the first author in R (R Development Core Team, 2013) . A detailed description of Curvature Degree and Curvature Position can be found in Aubin & Ménard (2006) and in Ménard et al. (2012) .
More details on the DEI and the TCPI can be found in Zharkova (2013a; 2013b) . LOC a-i (a measure described further below) is a new measure introduced in the present study, so it is described in most detail below, together with the rationale for introducing the measure.
Calculations of Curvature Degree and Curvature Position are illustrated in Figure 2 (a). The straight line AB is traced between two ends of the curve, followed by tracing the straight line CD, a perpendicular from AB to the point on the tongue furthest away from line CD.
Curvature Degree is the ratio of CD to AB. Higher values of this measure correspond to more bunched tongue shapes. Curvature Position is the ratio of AD to DB. Higher values of Curvature Position correspond to tongue shapes in which the furthest excursed part of the tongue is located further forward along the tongue contour.
Calculations of the Dorsum Excursion Index (DEI) and the Tongue Constraint Position Index (TCPI) are illustrated in Figure 2(b) . The straight line n is first traced between two ends of the curve. A perpendicular d is then traced from mid-n to the point on the tongue curve which is taken to represent the tongue dorsum. DEI is the ratio of d to n. Then, out of all possible perpendiculars from n to the tongue curve, the longest one is selected (line l in Figure 2b ). The distance is measured between d and l, marked by a thick grey line s on the graph. TCPI is the ratio of s to n/2, and it represents the distance between the tongue dorsum (as defined above) and the furthest excursed part of the tongue. TCPI is assigned a positive value if l is further advanced than d, and a negative value if l is further back than d.
Calculations of the LOC a-i are illustrated in Figure 2 (c). Similarly to the other measures used in this study, a straight line is traced between two ends of the curve (line n in Figure 2c ). Also like the other measures taken in this study, LOC a-i is based on a ratio of two straight lines. The rationale for developing this measure was the need to quantify coarticulatory difference between consonant tongue curves across two different vowel contexts, /a/ and /i/. For producing these two vowels, the most excursed part of the tongue tends to be further advanced along the tongue curve for /i/ than for /a/ (see the top left panel of Figure 3 , for an illustration of tongue curves for /p/ from /pa/ and /p/ from /pi/, which strongly resemble those for the respective vowels). In contrast to the other four measures used in this paper, calculating LOC a-i does not directly involve the straight line between the curve ends. In order to have consistent reference points for comparing the extent of tongue front and tongue back excursion for the consonant in the two vowel contexts, the two reference points are, starting from the front of the tongue, at one third and two thirds of line n, respectively. In other words, line n is divided into three equal parts, and the two intermediate points are taken to represent the tongue front and the tongue back.
Perpendiculars are traced from each of the two points to the tongue curve (lines f and b in Figure 2c , standing for "front" and "back", respectively). LOC a-i is the ratio of f to b. Higher values of LOC a-i correspond to more /i/-like tongue shapes, and lower values of LOC a-i correspond to more /a/-like tongue shapes. An additional benefit that we see in this measure is that it is not as strongly dependent on tongue curve ends as the other four measures, because the line n is not included in calculating the index.
Insert figure 2 about here Difference in magnitude of effect across consonants
The difference across consonants in the magnitude of any vowel-related effect was measured in the following way. First, mean values were calculated for all indices over five repetitions for each speaker, consonant and vowel context. In the event of a significant effect of the vowel context (see the next subsection for the statistical models used to establish significant effects) upon more than one consonant in the same condition, the magnitude of the vowel effect was established for each of those consonants. To establish the magnitude of the vowel effect, for Curvature Degree, Curvature Position, DEI and LOC a-i , ratios were calculated of the mean value in the context of /i/ to the mean value in the context of /a/, separately for each speaker, consonant and vowel context. Larger ratios signified greater vowel-on-consonant influence, therefore greater effect magnitudes. For the TCPI, which could have both positive and negative values, the magnitude of the vowel effect was established by calculating the absolute difference between /i/ context and /a/ context values, also separately for each speaker, consonant and vowel context. Larger differences were taken to represent greater effect magnitudes.
Statistical analyses
All inferential statistical analyses were carried out in R (version 3.0.1), using the lmer software package (Baayen, 2008) . Linear Mixed Models (LMMs) were run on the NN distance measure separately for each vowel context and consonant, as well as on each of the tongue shape measures separately for each consonant and condition, with uncorrelated random intercept and random slope for speaker included in each LMM. For the NN distances, the independent variable was condition, and for the tongue shape measures the independent variable was vowel context. Following Reubold et al. (2010) , the denominator degrees of freedom were set at 60 for all LMMs in the study. The main effect was deemed significant at the 0.05 level if the F value in the ANOVA exceeded 7.2, and at 0.01 level if the F value exceeded 8.49. All consonants that had a significant vowel-related effect were compared to each other on the magnitude of effect, within condition, using LMMs with the significance criteria described above. To establish any significant differences between consonants, the multcomp software package (Hothorn et al., 2008) was used, with Tukey post hoc tests.
Results
Tongue curves from an example speaker are presented in Figure 3 . The stabilised and handheld conditions are markedly different from each other in terms of the across-token variability in absolute tongue location, with the curves in the stabilised condition being noticeably closer together within vowel context than the curves in the hand-held condition (cf. Figure 1 of Noiray et al., 2014 , for a comparable difference between tongue curves from handheld ultrasound data corrected to fit the head frame and tongue curves from uncorrected data). A difference in tongue shape depending on the vowel context is also visible on the graphs, but it is not the same across the four consonants. The bilabial stop, in both conditions, appears to show much more difference between the vowel contexts than the other consonants.
For the alveolar consonants, in the stabilised condition there is a visible difference in the back of the tongue, with the root further advanced in the context of /i/. In the hand-held condition, the tongue curves for the alveolar consonants in the two vowel contexts are more overlapped than in the stabilised condition, and it is harder to visually determine if there is a difference in tongue shape across vowel contexts. For /ʃ/, in both conditions there does not seem to be a vowel-related difference in tongue shape. Figure 4 shows mean NN distances in the two conditions. For all consonants and for both vowel contexts, the distances in the hand-held condition were significantly greater than in the stabilised condition (see Table 1 for F values). Individual patterns matched the group results, in that the distances were larger in the hand-held condition for every speaker, and this applied across consonants and vowel contexts.
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Vowel-on-consonant coarticulation
The values of the five measures of tongue shape across condition, consonant and vowel context are presented in Figures 5 to 7 . For all four consonants, every measure had a higher mean group value in the context of /i/ than in the context of /a/, in both conditions. The results of the statistical tests are reported in Table 2 . The table shows that the only measure which had the same LMM results for all four consonants across conditions was LOC a-i . For this measure, the values in the context of /i/ were significantly greater for /p/, /t/ and /s/, while for /ʃ/ there were no significant vowel-related differences in either condition. On Curvature Degree, three consonants had the same results across conditions: /t/, /s/, and /ʃ/. DEI had the same results across conditions for the two alveolar consonants, while for TCPI and Curvature Position there were the same results across conditions for /p/ and /ʃ/. Significant differences across vowel context in both conditions were observed on three different measures for /p/, /t/ and /s/ (LOC a-i for all of them; TCPI and Curvature Position for /p/ ; DEI and Curvature Degree for the alveolars). For /ʃ/, only one measure produced significant results in both conditions, namely Curvature Degree.
Mean individual values from all speakers over five repetitions (4 consonants x 2 vowel contexts x 10 speakers x 2 conditions = 160 values per measure) generally followed the group pattern of significant results (i.e., the value in the context of /i/ larger than in the context of /a/), with 11 exceptions. The opposite pattern to that reported for the significant group results was observed in one case for Curvature Degree, in two cases for Curvature Position, DEI and TCPI, and in four cases for LOC a-i . The split between stabilised and handheld conditions on these exception cases was nearly equal, with six cases for the former and five cases for the latter. While the hand-held exceptions were relatively evenly split between speakers (two cases for C3, and one case each for C1, C6 and C10), five out of six stabilised exceptions came from one speaker, C6 (/t/ and /s/ for Curvature Position and for the TCPI, and /t/ for LOC a-i ). The reason for this may be that for this speaker, despite the efforts to keep the imaged plane similar across the two conditions, different amounts of the tongue curve could have been imaged, which would have affected the values of the indices.
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Magnitude of coarticulatory effects across consonants
The consonants significantly affected by the contrasting vowel contexts were compared to each other on the magnitude of effect. In the event, eight comparisons were performed, which correspond to eight columns of Table 2 (all columns except the hand-held condition for Curvature Position and for the TCPI). Four LMMs had a significant effect of consonant on the effect magnitude: in the stabilised condition for Curvature Position (F = 14.37), TCPI (F = 10.98) and LOC a-i (F = 15.13), and in the hand-held condition for LOC a-i (F = 10.31).
For all four models, applying the Tukey post-hoc test showed significant differences between /p/ and each of the alveolar consonants (p < 0.001 in every case), but no significant difference across the two alveolars.
Discussion
The results of this study demonstrate that it is possible to get reliable information on lingual coarticulation through applying quantitative measurements to stabilisation-free tongue movement data. Previous articulatory and acoustic studies have found substantial acrossspeaker variability in absolute values of various indices (e.g., Gibbon et al., 1993; Hardcastle & Gibbon, 1997; Gibbon et al., 2003; Gibbon et al., 2007; Liker & Gibbon, 2008; Koenig et al., 2013) . In the present study, across-speaker variability in absolute values of all five indices, as shown in Figures 5-7 The results also show some of the limitations that would apply to a study intending to carry out quantitative comparisons of stabilised and hand-held tongue curve data. As predicted, absolute distances between curves for the same consonant and vowel context were affected by whether or not the speakers wore the headset. Measures based on single curves have previously been found to be unaffected by the changes resulting from computer-based simulations of transducer displacement (Ménard et al., 2012) . Our findings were only partially consistent with this pattern, with measure-specific and consonant-specific differences, which are discussed below.
Vowel-on-consonant coarticulation as reflected by all measures
Vowel-related coarticulation was reflected, to an extent, in all measures, but the most robust results across consonants were observed for the new measure introduced in this study, LOC a-i .
Only this measure had the same statistical results across conditions for all four consonants.
This finding means that LOC a-i can be used to compare vowel-related coarticulation in these consonants across groups of speakers, where one group has head-to-transducer stabilisation, and another group does not have the stabilisation. This would apply when comparing tongue behaviour in groups of speakers who can wear the headset and other groups of speakers who cannot wear it, for example, young children. The fact that, unlike the other four measures, LOC a-i performed in the same way in the two conditions suggests that it is the most robust of all measures used in the study, with most consistent differences between consonant tongue curves in /a/ and /i/ contexts. A possible reason for this, in our view, is that LOC a-i may not be as dependent on accurately locating the two endpoints of the tongue curve -known to be problematic and unreliable landmarks -as the other four measures. We could expect LOC a-i to differentiate between contrasting vowel tongue shapes at least as well as between the tongue shapes for the less resistant consonants (such as bilabials) in the respective vowel contexts. While this study did not aim to carry out a comparison of the actual vowel tongue shapes, we did run LMMs on a subset of the data, with five speakers chosen at random, comparing ratios of LOC a-i values at mid-/i/ to mid-/a/ with ratios of LOC a-i values at mid-/p/ from /pi/ to mid-/p/ from /pa/. Conforming to the predictions, there were no significant differences between ratios for the vowels and ratios for the consonants.
Similarly to LOC a-i , Curvature Position and TCPI quantify the location of the most bunched part of the tongue curve in relation to the rest of the curve. The latter two measures performed in a similar way to LOC a-i in the two conditions for the bilabial (i.e., they showed vowel-related coarticulation) and the postalveolar (i.e. they did not show coarticulation). Both Curvature Position and TCPI, however, failed to show significant coarticulatory effects in the handheld condition for the alveolar consonants. Curvature Degree and DEI both quantify the extent of tongue bunching. Curvature Degree showed a coarticulatory difference in both conditions for three consonants (all but /p/), while DEI only showed a corresponding coarticulatory difference for the alveolars but not for /ʃ/. This suggests that Curvature Degree and DEI could be used for comparing tongue shapes for alveolar consonants in contrasting vowel contexts across groups of speakers with different stabilisation conditions. Curvature Degree could also be used for similar analyses of /ʃ/, although we have to bear in mind that in the stabilised condition the vowel effect only just reached significance.
Consonant-specific differences
Following the DAC model predictions, and in agreement with previous studies of crossconsonant coarticulation, differences in vowel-related coarticulatory effects were found across consonants regardless of condition, with /ʃ/ least affected by the neighbouring vowels, and /p/ more affected than the alveolars. LOC a-i was the only measure which had the same outcomes in both conditions on cross-consonant differences in magnitude of effect. This result means that out of all five measures used in this study, only LOC a-i can be used for comparing magnitude of coarticulatory effects on these consonants across groups of speakers with different stabilisation conditions, such as older children who can wear the headset and younger children who cannot wear it.
The postalveolar fricative was the only consonant that showed almost no vowel effect in the stabilised condition. A significant coarticulatory effect on the postalveolar was only reported in the stabilised condition on Curvature Degree, and the F value was just above the significance threshold. The results on the bilabial stop are revealing both in terms of describing vowel-related changes in tongue shape for this consonant and in terms of the observed differences across the five measures. While we would expect that /p/ would be differentiated the most of the four consonants (e.g., Recasens, 1999) , on Curvature Degree and DEI it had no significant difference between the two vowel contexts in the stabilised condition. The explanation for this is related to the nature of both those measures, and it is illustrated using Figure 3 
Methodological challenges and limitations
This study analysed productions by 13-year-old adolescents, who are likely to be more compliant as participants than younger children. In future studies of coarticulation in younger children that use measures of tongue shape on non-stabilised ultrasound data, interpretations of the results need to take this into account. Another limitation of this study is that we used only one technique for head-to-transducer stabilisation, and it would be interesting to find out if other stabilisation techniques (e.g., Stone & Davis, 1995; Bressmann et al., 2005) and other ways of putting the tongue surface into head space (Whalen et al., 2005; Mielke et al., 2005) would produce similar results. Also, this study included a limited set of consonants, and measurements were carried out at consonant midpoint. It is possible that other consonants and/or other timepoints throughout the consonant may pattern differently with respect to vowel-related differences across conditions. Due to the nature of the headset used for stabilising the head in this study, we cannot rule out the possibility that some of the stabilised data appeared more consistent than handheld data because jaw movement was somewhat impeded in the stabilised compared to the hand-held recordings (specifically, TCPI and Curvature Position results for /t/ and /s/, where restricted jaw movement in the stabilised condition might have resulted in compensatory lingual articulations at mid-consonant anticipating the vowel configuration). The same restriction, in varying degrees, would apply to other stabilisation systems, even where the head itself is not fixed but rather the transducer is placed on a stand under the speaker's chin (e.g., Noiray et al., 2008) . In our experimental setup, we could not control for any effect of jaw movement or its restriction on the measures in the handheld or stabilised data, respectively. Other factors that were not controlled for in the study are the relationship of the images to the palate and to the occlusal plane. Both these references could have been imaged in the stabilised condition, thus providing additional help in interpreting the results, but neither of them could be imaged in the handheld condition without postprocessing.
Given that some of the results that were expected in the study turned out to be null results (particularly the performance of most measures on /ʃ/ in both conditions), we cannot discount the possibility that an effect might have been observed if the number of speakers and/or the number of tokens had been larger. These unavoidable limitations were due to logistical challenges involved in both data collection and data analysis stages of the study. As far as our findings on /ʃ/ are concerned, however, increasing numbers of speakers or tokens may not have been helpful, in view of another possible factor, namely the nature of single curve based measures, discussed next.
Measures of tongue shape based on ratios of two straight lines reduce the information from the tongue curve, and therefore comparisons based on such measures are not as powerful as comparisons that take into account information from the whole tongue curve (such as SSAnova, Davidson, 2006 , or the NN distance technique, Zharkova & Hewlett, 2009 ). For example, in a recent study by Zharkova (2013c) , lingual coarticulation was analysed using the NN distance technique on tongue curve data from the same recordings of 13-year-old speakers as those used in the current study, and there was a significant vowelrelated difference for /ʃ/ across vowel contexts /a/ and /i/, based on comparing absolute tongue locations of the two curves in the two vowel contexts. It is important to bear in mind this difference between the two approaches when interpreting results of studies based on tongue shape measures. However, the increasing number of studies using quantitative ultrasound measurements on non-stabilised speech data from typically developing children and/or children with speech disorders (e.g., Song et al., 2013; Noiray et al., 2013; Klein et al., 2013; Zharkova et al., 2014b) suggests that in future applications it is likely that using nonstabilised data with young children will be a more frequent approach. Therefore investigating the reliability of single curve based measures is warranted, as well as developing more measures that do not depend on multiple curves being located in the same coordinate plane.
The results from this study demonstrate that when data from head-stabilised recordings are compared with data from non-stabilised recordings, the choice of phonemes and measures can affect the results. This would also apply in studies comparing lingual articulation across speakers or across groups of speakers recorded exclusively without head stabilisation, as well as in studies comparing stabilised or non-stabilised recordings of the same speaker made on separate occasions. 
